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ABSTRACT

APPLYING ENVIRONMENTAL SURVEILLANCE AND EPIDEMIOLOGY TO MANAGE
Vibrio parahaemolyticus RISKS ASSOCIATED WITH SHELLFISH CONSUMPTION
by
Christopher Schillaci
University of New Hampshire, September 2020

Vibrio parahaemolyticus (Vp.) outbreaks and sporadic cases associated with the
consumption of oysters harvested from the New England Region of the U.S. have increased since
2011. Increasing Vp. infections in Massachusetts have resulted in harvest areas closures, product
recalls, and the implementation of costly control measures on the harvesting and handling of
oysters in the state during summer months. A combination of factors such as increased
summertime production and consumption of raw shellfish, and climate related changes leading to
warmer sea surface temperatures and more variable salinities favorable for Vp. bacteria, have
been attributed to the recent increase in infections. However, the 2012 introduction and
ecosystem establishment of a highly virulent Pacific-endemic strain of Vp. called sequence type
(ST) 36 has been implicated in most illnesses and appears to be driving risk. The growing public
health and economic burden associated with managing Vp. risk in Massachusetts have made the
collection of information to support the development of effective Vp. mitigation strategies and
risk assessment models a major priority in the region.
Northeast oyster production is targeted almost exclusively toward the raw half shell
market and Massachusetts production has increased nearly fivefold between 2008 and 2018,
from 11 million to over 50 million oysters. Thus, the observed reported increase in Vp. illnesses
vii

in the state may not reflect a significant change in the risk per serving to consumers. Both
production and illnesses vary across harvest areas and should be evaluated to accurately assess
effects of environmental conditions on exposure and risk. Massachusetts collected limited
information on the distribution and abundance of total and potentially pathogenic (tdh+ and trh+)
Vp. in shellfish harvest areas prior to the introduction of ST36 to inform Vp risk assessment
models and localized risk management strategies. Our aim for this study was to characterize
trends in Vp. infection risk in Massachusetts harvest areas in relation to environmental
conditions, total and potentially pathogenic Vp. abundance, and clinical strains implicated in
regional infections. Characterizing Vp risk in MA is critical to managing risk and sustaining the
oyster industry.
We conclude:


There is significant variability in Vp. risk between Massachusetts harvest areas



Current Vp. surveillance methodology and temperature driven risk assessment
models cannot accurately capture differential risk



Spatial variability in Vp. population composition is likely the largest driver of
differential Vp. infection risk between Massachusetts harvest areas.

viii

CHAPTER I
INTRODUCTION

Molluscan shellfish are filter feeders and therefore have the ability to concentrate
microorganisms and contaminants in their tissues at levels >100 times higher than observed in
surrounding waters (1- 2). As a result of this filter feeding behavior, it is possible for shellfish
consumers to be exposed to infectious levels of pathogens when consuming shellfish harvested
from areas contaminated with human pollutants or that harbor naturally occurring human
pathogens (2-4). Additionally, many bacterial pathogens can reproduce in shellfish if they are
exposed to warm temperatures following harvest and during transportation and storage, further
increasing the levels of pathogens in shellfish (6).
In 1984, the U.S. Food and Drug Administration (FDA) and the Interstate Shellfish
Sanitation Conference (ISSC) developed a formal cooperative program known as the National
Shellfish Sanitation Program (NSSP) for the regulation of shellfish in inter-state commerce in the
U.S. The NSSP’s Model Ordinance (MO) outlines requirements associated with the harvest area
classification, harvest practices, processing, labeling, storage, handling, packing, shipping,
harvester and dealer permitting, and illness risk mitigation and response; and ensures shellfish
sanitation through the cooperation of state and federal control agencies, the shellfish industry,
and the academic community. State Shellfish Control Authorities (SCAs), generally administered
by public health and marine resource agencies, are responsible for administering these standards
in their respective states. In many cases the MO requirements are developed in a way that allows
SCAs to meet NSSP standards through the development of state specific controls that best apply
to their industry and harvest areas, but ensure baseline protection (7).
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In the MO there are several recognized naturally occurring pathogens that must be
addressed by SCAs through an annual risk assessment or contingency plan. If it is determined
that the risk of shellfish derived illness from a particular pathogen is likely to occur, SCAs are
required to put in place control measures and ensure the ability to respond if they are notified of
an outbreak associated with shellfish consumption. These controls may include consumer
advisories, the implementation of harvest and/or handling requirements, restrictions on harvest
based on environmental conditions that favor pathogen growth, closures when outbreaks are
reported, and in the case of naturally occurring pathogens where regulatory thresholds have been
established, proactive harvest area closures informed by environmental surveillance. In the case
of naturally occurring pathogens where no regulatory threshold or reliable methods to monitor
for pathogens in the environment exists, managers often must rely on an overly conservative or
reactive approach to illness prevention and response. Such is the case for a number of species of
bacteria in the genus Vibrio that are commonly associated with shellfish derived human illness in
the U.S. (7)
Vibrio Spp.
Vibrio bacteria are ubiquitous in coastal and marine waters, and are a major constituent
of the bacterial community of marine and estuarine ecosystems (3, 14-16). Vibrios can colonize
marine plant and animal species and can be found on raw seafood products on the market (9, 10).
Twelve species of Vibrio are reported to cause illness in humans (8). Illness from Vibrio spp. is
collectively called vibriosis. In the U.S. vibriosis is a reportable disease through the Center for
Disease Control (CDC) Cholera and other Vibrio Information System (COVIS) (11).

2

Vibrio parahaemolyticus
Vibrio parahaemolyticus (Vp.) is responsible for the majority of cases of vibriosis in the
U.S. and is the leading cause of seafood related bacterial food borne illness worldwide (12-13).
Gastric infection from pathogenic strains of Vp. can cause self-limiting gastroenteritis and in rare
cases septicemia (14, 17). The severity of infection is strongly associated with underlying
medical conditions (1), however, most infections are resolved without medical treatment (11).
The human infective dose for Vp. is not known, and can vary with strain type and host
susceptibility (18). Feeding studies conducted in the 1970’s identified an infectious dose between
105 to 108 organisms per gram of oyster tissue (19-20). The USFDA has established guidance
suggesting a < 10,000 MPN/g (4 log10 MPN/g) threshold for total Vp. in shellfish represents a
low risk of infections (1), but currently in the U.S there are no regulatory thresholds for Vp. in
shellfish meats or harvest area waters (7). Thoroughly cooking seafood products generally
removes the risk of gastric Vp. infection, and most seafood borne cases of gastric Vp. infections
are associated with the consumption of raw or undercooked shellfish. Raw oysters and clams are
the number one reported vector for human gastric infections of Vp. due to their ability to
concentrate Vp. in the digestive tissues, and consumer trends favoring raw consumption (3-6).
In 1999, the CDC estimated the total annual incidence of Vp. illness in the U.S. was
7,880 illnesses, and of that 65% were estimated to be food related (1). This estimate was based
on an under-reporting factor of 1 reported case for every 20 cases that are not reported (21). In
2011, CDC updated its underreporting factor for Vp. to 1.1 reported cases for every 142.4
unreported cases; and CDC currently estimates that there are between 45,000-65,000 seafoodborne Vp. infections annually in the U.S., with approximately 80% associated with raw oyster
and clam consumption (13, 22, Table 1). With increasing access to health care in the U.S.,
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increasing state reporting requirements for enteric diseases, and the development of rapid culture
independent diagnostic methods, many question the accuracy of the current under-reporting
factor used by the U.S. CDC for Vp. (23).
Estimated Cases
Associated with
Shellfish
Year
Consumption
(1.1/142.4 underreporting factor)
2007
180
60%
20%
20,505
2008
234
62%
14%
25,324
2009
329
57%
22%
37,011
2010
338
62%
21%
39,948
2011
262
54%
19%
27,235
2012
376
60%
21%
43,369
2013
520
71%
21%
68,124
2014
537
70%
15%
64,998
2015
544
68%
12%
61,972
Total
3,320
63%
18%
38,2942
Table 1. Seafood related Vp. cases by year 2007-2015 reported to CDC and shellfish
species consumed *Cases may have consumed more than one type of seafood. From
Burdette, 2017
Vp. cases with
seafood vector
information
available

Percent of Vp.
cases reported
associated with
oyster
consumption

Percent of Vp.
cases reported to
be associated with
clam consumption

Between 2007 and 2015 the number of reported foodborne Vp. cases in the U.S. more
than tripled (Table 1), making Vp. one of the few foodborne bacterial pathogens reported to be
on the rise in the U.S. (11). While this trend is concerning, it is important to understand how
epidemiological data relative to Vp. illness occurrence is collected and potential limitations and
bias in the data. For example, the CDC reported that in 2015 approximately 550 cases of seafood
borne Vp. infections were reported to state health officials. Overall, this represents a 260%
increase as compared to 2007 (Figure 1). These numbers, however, may not reflect actual illness
trends relative to exposure or the “risk per serving.” When considered in light of reported major
increases in U.S. cultured oyster production, which are primarily consumed raw and shifting
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seasonality of raw consumption to summer months, reported illnesses relative to servings may
not have changed, or may actually be decreasing. Additionally, there are significant challenges
preventing Vp. illness source attribution. Between 2007 and 2015 less than 30% of the shellfish
related Vp. infections reported to CDC had associated trace-back information, and only 20%
identified a likely harvest area (22). The lack of source attribution data associated with reported
illnesses severely limits the ability for managers to apply epidemiological reporting to evaluate
the Vp. risk per serving in shellfish harvest areas. Additionally, the lack of source attribution
information impacts the ability for SCAs to implement harvest area closures and product recalls
in response to reported Vp. illnesses in a manner that results in meaningful consumer protection.
Further, COVIS data pertaining to Vp. infections is categorized based on the reporting location,
not the presumptive source location. As improved cold chain and transportation economics have
opened national and global markets for fresh U.S. seafood, reporting location provides little
insight into source location (24).
Increasing Vp. Case Occurrence in the Northeast U.S.
Despite challenges with source attribution, over the last decade documented increases in
Vp. infections have been associated with locally harvested oysters from the Northeast U.S. This
increase has led to costly harvest area closures, product recalls and the implementation of
stringent harvest and handling controls during periods when Vp. cases have occurred in the
region (26). Several factors have been attributed to the reported increase in Northeast Vp.
infections, including improved illness surveillance, increased oyster production targeted at the
raw half-shell market, climate change extending the seasonal and geographical range of endemic
pathogenic strains, and the human meditated introduction of a highly virulent non-resident Vp.
lineage (25-30). For example in 2012 and 2013, a highly virulent pathogenic lineage of Vp.
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endemic to the Pacific resulted in the largest oyster-associated Vp. outbreak on the Atlantic
coast, tripling the 2012 and 2013 Atlantic Vp. case mean relative to the previous 5-year period
(28-30). While previous U.S. outbreaks have been attributed to long-distance dispersals of nonnative Vp. strains, in most cases these strains have rarely persisted to cause recurrent infections
in subsequent years (26). However, ST36 has seemingly established environmental reservoirs in
some New England harvest areas as it continued to be implicated in the majority of
Massachusetts infections between 2014 and 2017 (28, 31). Additionally, a resident strain
(ST631) has also caused infections from Massachusetts sources and remains the second most
prevalent strain from clinical sources in the state (28- 29, 31).
Vp. Risk Management
Due to the lack of reliable microbiological standards for Vp. that can inform proactive
management, management strategies in the U.S. primarily consist of risk mitigation through the
development of control measures intended to reduce post-harvest growth of Vp. in shellfish, and
illness reporting and response requirements (7, 18). The ISSC has established requirements in the
NSSP MO for SCAs related to the assessment and mitigation of Vp. risk associated with the
consumption of raw molluscan shellfish. In order to determine if the implementation of control
measures to reduce the probability of Vp. illness occurrence are warranted, SCAs are required to
annually conduct a risk assessment to determine if the risk of Vp. infection from the
consumption of oysters is reasonably likely to occur in areas under their jurisdiction. In areas
where environmental conditions or historic Vp. illness occurrence demonstrate that the risk of
Vp. infection may be present, the NSSP requires State Shellfish Control Authorities to
implement a Vp. control plan (VCP). The goal of the VCP is to reduce the probability of
occurrence of Vp. illness through the establishment of time temperature controls or other
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measures, such as post-harvest processing or proactive closures, during periods that have been
historically associated with annual illnesses (7, 18).
The FDA published a quantitative risk assessment to characterize the factors influencing
the public health impact associated with the consumption of raw oysters containing pathogenic
Vp. The assessment used background information on observed Vp. abundance in a number of
harvest areas across the U.S. and species-specific growth curves to estimate the levels of the Vp.
in oysters through post-harvest handling, processing, and storage. Using the data from feeding
studies and epidemiological investigations a dose-response model was developed to estimate the
risk of Vp. per serving of oysters from six regions in the U.S. and test “what-if” scenarios to
evaluate the likely impact of potential control strategies to reduce exposure to pathogenic Vp.
from the consumption of raw oysters. The assessment largely relied on the general relationship
between increasing water and air temperatures resulting in increased Vp. abundance and
generalized risk by season and region. However, the authors, admittedly, did not account
differences in pathogenic strain virulence or growth rates that have been increasingly recognized
as an important factor in Vp. infection risk (1).
The primary risk mitigation strategy currently employed in the U.S. involves the rapid
cooling of shellfish intended to prevent post-harvest growth of Vp. in shellfish. This approach
was largely informed by the FDA Vp. risk assessment; and is consistent with regulatory
requirements for other seafood products (1). A number of studies have shown rapid cooling of
shellfish on direct ice, ice/water mixtures, and mechanical refrigeration to an internal
temperature of 10°C can significantly reduce post-harvest growth of Vp. in shellfish at harvest,
(32- 33), and a number of states have seen reductions in Vp. illness occurrence since the
implementation of rapid cooling control measures (31, 34).
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Environmental Vp. Surveillance
While rapid cooling and maintaining product under refrigeration following harvest until
consumption can slow or stop Vp. growth in harvested shellfish (1, 32, 33), it does not eliminate
the infection risk associated with the consumption of shellfish with naturally elevated ambient
levels of pathogenic Vp. (1) As a result, the development of diagnostic methods that can be used
to monitor changes in pathogenic Vp. abundance in response to environmental stimulus and
inform risk prediction models that can accurately identify when Vp. infection risk is elevated, is
necessary to improve Vp. management strategies (25, 26, 37- 41).
A number of environmental Vp. surveillance efforts have been conducted in the U.S. and
have provided a baseline understanding of seasonal and regional differences in Vp. abundance
and ecology in coastal ecosystems (18, 25, 27). Most have employed Vp. detection methods that
pool animals, usually in batches of 12, and use a serial dilution enrichment step for quantification
(43). All currently FDA and NSSP approved detection methods use the thermolabile hemolysin
(tlh) gene to spectate punitive Vp. from environmental samples (7, 43). However, the vast
majority of environmental Vp. strains are not known human pathogens, making the use of total
Vp. (tlh) as a surrogate for pathogenic Vp. strain abundance problematic (1, 18, 25, 27). The
thermostable direct hemolysin (tdh) and the thermostable direct-related hemolysin (trh) genes,
often present in pathogenic Vp. strains recovered from infected patients, are commonly used as
genetic markers to discriminate the abundance of potentially pathogenic (tdh+ and/or trh+) Vp.
in surveillance efforts (1, 18, 25, 27-29). While the quantification of the tdh and trh markers in
the environment likely provides a better indicator of risk than total Vp. alone (28, 44- 48), the
repeated isolation of environmental Vp. isolates that contain both the trh and tdh marker, but
have not been associated with clinical infections, highlights their limitations as indicators of
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pathogenic abundance and infection risk (28). Despite these limitations, the tlh, tdh, and trh
markers, and the environmental conditions that influence their abundance, are commonly used in
surveillance efforts to inform Vp. risk management strategies, and are the basis for the majority
of current Vp. risk assessment models (1, 18, 28, 42, 44-49).
Vp. Ecology in the U.S.
Vp. can be found in seawaters, sediments and is commonly observed as constituent of the
bacterial community of many marine species, such as the American Oyster (4, 9 -10, 16, 18).
Studies have shown that total Vp. abundance in environmental oyster samples is positively
correlated with temperature and, in general, abundance fluctuates seasonally, increasing in
warmer months and decreasing in cooler months (2, 5, 25, 27, 50- 51). Vp. has a relatively wide
thermal tolerance, but grows optimally at temperatures above 21°C, where it exhibits rapid
exponential growth and has one of the fastest known doubling rates of any marine bacteria (1).
Vp. growth slows to almost undetectable levels at temperatures below 10° C and cells can enter a
viable but non-culturable state (53). Studies conducted in the U.S. Pacific Northwest detected
Vp. in oysters at water temperatures above 15°C. In the Mid-Atlantic and Northeast U.S., Vp.
was normally detected in shellfish samples at water temperatures above 9°C, although rarely at
water temperatures as low as 4°C (25, 27, 54). Vp. is a halophile and can be found in waters with
salinities between 5ppt and 35ppt. Acute rainfall reduces estuarine salinity, which has been
associated with increased Vp. abundance (55- 56). However, a comparison of studies shows
salinity can have a variable impact on Vp. abundance (2, 25, 27, 42, 51). While water
temperature and salinity are considered the most important drivers of Vp. abundance (1), a
number of other environmental parameters, including chlorophyll a, turbidity, suspended
sediments, nutrients, and dissolved organic carbon, have all been associated to varying degrees

9

with Vp. abundance (18, 25, 27, 42, 57- 58). While this suggests a common array of
environmental variables are key to understanding Vp. population dynamics and possibly risk (11,
19, 24, 40, 71, 72), the relationship between individual or multiple environmental parameters and
Vp. abundance appears to be strongly variable between studies and study locations; limiting the
transferability of data beyond the studied area (18, 25, 27).
The studies that have been conducted in regions where the tdh and/or trh markers are
detected in a high enough frequency to statistically evaluate their relationship with
environmental parameters have reported differences in the environmental conditions associated
with total Vp. abundance and those associated with tdh+ and/or trh+ Vp. abundance (59). For
example, Johnson et al. (58) and Zimmerman et al. (57) found that turbidity was correlated with
trh+ and tdh+ Vp. abundance in oysters from the Gulf of Mexico, but not total Vp. abundance.
Further, they observed a significant correlation to temperature and total Vp. abundance, but no
correlation between temperature and tdh+ and/or trh+ Vp. abundance (57). Jones et al. observed
the converse in Long Island Sound; with water temperature and salinity not significantly
associated with total Vp. abundance, but significantly correlated with tdh+ and trh+ Vp.
abundance (35). Flynn et al. reported a strong positive association between the tlh, tdh, and trh
genetic markers and water temperature, however, when water temperatures exceed 22°C, no
relationship was observed (37). Further, the relative abundance of the tdh marker to total Vp. was
negatively associated with water temperature in colder waters and decreased exponentially as
total Vp. increased (37). These observations suggest more complex ecological relationships can
drive Vp. ecology and the abundance of pathogenic strains in the environment and present
challenges for the use of total Vp. as a surrogate for pathogenic Vp. abundance (18, 37).
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Vp. Ecology in the U.S. Northeast
The small number of studies that have been conducted in the Northeast have documented
similar geographically mixed trends as those observed in other regions (5, 25, 27, 35). For
example, Urquhart et al. found temperature, salinity, and chlorophyll a were useful predictors of
elevated total Vp. abundance in the Great Bay Estuary in New Hampshire (25). Cox et al. found
that in Rhode Island coastal waters and oysters Vp. levels tracked closely with water temperature
(5). However, Jones et al. found no correlation between total Vp. and temperature or salinity in
oysters collected from harvest areas in New York and Connecticut (35).
The detection rate of tdh+ and trh+ Vp. in surveillance efforts in the U.S. Northeast has
been historically low (25, 27). For example, results from a 20-year dataset in Great Bay New
Hampshire show that between 2007 to 2016 the tdh and trh pathogenicity markers were only
detected in two samples in 2009 and were not detected again until 2015 (25). This low rate of
detection in Northern New England is consistent with estimates in the U.S Food and Drug
Administration’s quantitative risk assessment for Vp. of an average 0.3% relative abundance of
pathogenic Vp. to total Vp. in oysters from North Atlantic harvest areas and is a major reason
why the risk of Vp. infection in the region was considered low (1). However, recent studies
conducted in some southern New England harvest areas have documented a greater frequency of
detection and higher relative abundance of tdh+ and trh+ Vp. than those predicated in the FDA
quantitative risk assessment for Vp. in oysters (5, 35). For example, a 2012 study found that the
relative percentage of tdh+ and trh+ Vp. to total Vp. in Rhode Island coastal waters was on
average between 0.2% to 3.5% and 2.5% to 31.9%, respectively; with observations from
individual harvest areas highly variable across a very limited spatial extent (5). Similarly, Jones
et al. observed a greater than 50% detection rate of tdh+ and trh+ Vp. in oyster and clam samples
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collected from Connecticut and New York harvest areas, as well as sample outcomes with
relative levels of tdh+ Vp. to total Vp. well above the FDA estimated 0.3% (25). As the Cape
Cod Peninsula serves as a major biogeographical barrier in the coastal waters of the Northwest
Atlantic, with environmental conditions and species assemblages in harvest areas to the north of
Cape Cod primarily influenced by the cool Labrador Current and environmental conditions and
species assemblages in harvest areas to the South of Cape Cod largely influenced by the warm
waters of the Gulf Stream (60), the observation of a higher relative abundance and rate of
detection of tdh+ and/or trh+ Vp. in southern New England harvest areas as compared to
northern New England harvest areas is generally consistent with standard temperature driven Vp.
abundance and risk predication models due to the overall warmer water temperatures
experienced in the southern portion of the region. However, increasing infections have been
associated with oysters from harvest areas on both sides of Cape Cod (31), and individual harvest
areas across the entire region can be highly influenced by localized hydrodynamics, with peak
summer conditions in a number of northern New England harvest areas routinely reflecting an
equal or higher estimated infection risk than their southern counterparts when standard risk
assessment methods are applied (60). Recent insights into pathogenic strain emergence and
analysis of clinical isolates from infections from the region suggest that the pathogenic strains of
greatest human health significance may not be present in all harvest areas (28, 29), and
differences in Vp. community composition at relatively limited spatial extents may contribute
more to Vp. infection risk than the environmental conditions commonly considered conducive
for Vp. bacteria (28), limiting the use of currently available risk assessment models to inform
management efforts in the region (31). This suggests localized information is required in order to
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accurately evaluate the factors that are leading to increased Vp. infection risk in the region
inform appropriable scaled risk assessment and Vp. management strategies in the region.

RESEARCH OBJECTIVES
Our aim for this study was to produce information that can be used to assist with
managing this emerging threat to shellfish consumer health and the Region’s growing shellfish
aquaculture industry. This thesis is separated into two parts.
Chapter II captures three years of Vp. surveillance data from three major harvest areas in
the Massachusetts between 2015 and 2017. We evaluated the relationships between the absolute
and relative abundance of total Vp. and the tdh and trh pathogenicity markers (potentially
pathogenic Vp.) with water temperature, salinity, and chlorophyll a in the harvest areas.
Chapter II Objectives
The main objectives of this part of our research are:
1. Collect information on total and potentially pathogenic Vp abundance in MA
harvest areas and evaluate Vp. levels vary between areas; and,
2. Identify environmental conditions correlated with increases in total and
potentially pathogenic Vp abundance in MA harvest areas and evaluate how
relationships differ between Massachusetts harvest areas with variable
environmental conditions and historic illness occurrence.
We hypothesize that the relationship between total and potentially pathogenic Vp.
abundance in oysters and environmental conditions will vary between harvest areas located on
either side of Cape Cod. Furthermore, we hypothesize that we will observe differential relative
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abundances of potentially pathogenic Vp. to total Vp. between and within study sites driven by
differences in environmental conditions and Vp. population composition across harvest areas.
Chapter III presents an evaluation of 44 shellfish-borne Vp. cases linked to three distinct
harvest regions in Massachusetts where information pertaining to the number and timing of Vp.
cases, production levels, and environmental conditions in harvest areas on harvest dates
implicated was available. We analyzed these data in an attempt to determine how observed
variability in environmental conditions within and between the three harvest areas influenced
Vp. infection risk in Massachusetts between 2014 and 2016. We also evaluated how our results
compared with assumptions made in standard abundance based risk assessment methodology to
determine the extent to which Vp. abundance modeling is a useful indicator of infection risk in
Massachusetts. In addition, the sequence type of the clinical isolates in 39 of the 44 cases was
evaluated to determine if there was variability in risk that may be associated with differences in
Vp. communities between the studies areas.
Chapter III Objective
The main objectives of this part of our research are to:
1. Characterize trends in Vp. case occurrence and risk for individual Massachusetts
harvest regions;
2. Identify how these trends vary between Massachusetts harvest areas and evaluate how
trends in risk correspond with estimates in standard risk assessment methodology and
environmental conditions; and,
3. Identify how differences in Vp. community composition may influence risk at limited
spatial extents.
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We hypothesize that we will observe differences in risk and the environmental conditions
associated with infection occurrence between harvest areas. Differences will be primarily due to
variability in Vp. community composition as indicated by Vp. surveillance and clinical isolate
analysis. In particular, we hypothesize the primary driver of risk will be the extent ST36 is
established in a particular areas.
Our research explores previously uninvestigated spatial and temporal interactions related
to total and potentially pathogenic Vp. abundance, environmental conditions, Vp community
composition, and illness occurrence; therefore, our work offers an original effort to evaluate how
differences in these factors can influence illness occurrence and Vp risk at limited spatial and
temporal extents, and how the use of surveillance data and epidemiological reporting can be
applied to Vp. risk prevention and risk assessment methodology.
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CHAPTER II

RELATIONSHIPS BETWEEN ENVIRONMENTAL CONDITIONS AND SEASONAL
LEVELS OF TOTAL AND PATHOGENIC Vibrio parahaemolyticus IN OYSTERS
(Crassostrea virginica) IN MASSACHUSETTS

INTRODUCTION
Vibrio parahaemolyticus (Vp.) is a naturally occurring human pathogenic bacterium and
the leading cause of bacterial derived seafood poisoning in the U.S. (12-13). Human gastric
infections from pathogenic Vp. exposure can cause self-limiting gastroenteritis, and in rare cases
septicemia (14, 17). Vp. is a halophile and commonly found in the same coastal waters where
shellfish, such as the eastern oyster (Crassostrea virginica), are cultured (2, 55-56). Vp. cells
can attach to particulates and other organisms in the marine environment and be concentrated in
molluscan shellfish digestive tissues through particulate uptake via normal filter feeding
activities (1, 2). Due to this filter feeding behavior, the overlap in habitat, and consumer trends
favoring raw consumption, oysters are the most commonly reported vector in Vp. gastric
infections in the U.S. (1, 3- 6).
Environmental Vp. abundance is strongly correlated with temperature and generally
demonstrates a seasonal trend with the highest levels observed in summer months (1). Vp. has
one of the fastest observed doubling times of all bacteria and is capable of rapid exponential
growth at temperatures above 21°C (1). Growth slows to almost undetectable levels at
temperatures below 10°C, where most cells enter a viable but non-culturable state (53). Due to
the association with Vp. abundance and temperature, the highest levels of Vp. bacteria are
estimated to be in the warm coastal waters of lower latitudes, where Vp. is detectable year round
16

and Vp. derived gastroenteritis in humans have been historically common (25, 27, 61-62). In the
cool coastal waters characteristic of temperate regions, such as New England, Vp. is seasonally
detectable during the warm summer months, becoming non-detectable during cold winter months
(5, 25, 27, 35, 64-69). Gastric Vp. infections associated with the consumption of oysters
harvested from New England coastal waters have historically been sporadic in nature,
presumably due to a generally low abundance of pathogenic Vp. strains in the cool waters of the
Northwest Atlantic (1). Over the last decade, however, increasing numbers of Vp. outbreaks
associated with the consumption of oysters harvested from the region have been reported (5, 25,
27, 28, 30, 35), and in particular in Massachusetts, where recurrent seasonal outbreaks resulting
in harvest areas closures, product recalls, and the implementation of costly control measures on
the harvesting and handling of oysters during summer months has led to significant impacts on
the state’s growing aquaculture industry (25, 27, 30, 31).
A combination of factors, such as introduced and ecosystem establishment of nonendemic pathogenic strains, increased summertime production and consumption of raw shellfish,
and climate related changes causing warmer sea surface temperatures and more variable
salinities resulting in increasingly favorable conditions for Vp have all been attributed to the
recent increase in infections in the region (25, 27, 30, 31, 35). The growing public health and
economic burden associated with managing shellfish consumer Vp. risk in New England have
made the development of diagnostic methods and predictive models that can accurately
characterize pathogenic Vp. infection risk and inform growers and managers of periods of
increased risk a major priority for the region (7, 25, 27).
A considerable amount of environmental surveillance aimed at understanding the biotic
and abiotic factors that influence total Vp. abundance has been conducted in the U.S. (18, 25, 27,
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42). Beyond temperature, a number of environmental parameters, including salinity, chlorophyll
a, turbidity, suspended sediments, nutrients, and dissolved organic carbon, have been associated
with Vp. abundance (2, 5, 18, 25, 27, 42, 50- 51). While this suggests a common array of
measured variables may be key to understanding Vp. population dynamics, the relationship
between individual or multiple environmental parameters with Vp. abundance is strongly
variable between regions and in some cases on a harvest area by harvest area basis, limiting the
transferability of study data beyond the studied area (25, 27). Based on the observed differences
in the environmental conditions that correlate with Vp. abundance on relatively limited spatial
extents, it is likely the development of models based on information by surveillance efforts
conducted at a limited number of sites and locations, could result in erroneous assumptions when
applied at a regional or even statewide basis (25, 27). This suggests a more nuanced approach is
required to accurately evaluate the environmental conditions that favor pathogenic variants and
increase Vp. infection risk to inform risk assessment strategies. This would be particularly true in
regions or states with significant variability in environmental conditions between harvest areas
such as Massachusetts (60).
The use of Vp. surveillance data and total Vp. abundance models to inform mitigation
strategies assumes a connection between total Vp. abundance and infection risk (1, 25); however,
there is debate on how total Vp. abundance in shellfish at harvest actually relates to infection
occurrence or risk (25, 28, 36, 70). There are a number of regulatory reference thresholds for
total Vp. in shellfish that associate total Vp. abundance with consumer safety, including a U.S.
requirement that levels of Vp. in post-harvest processed shellfish be below 30 MPN g-1; (7), and
the Canada Seafood Inspection Service limit for Vp. in shellfish of 100 MPN g-1; (71). However,
currently there is no regulatory threshold for background Vp. levels in shellfish meats in the U.S
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(7). This is likely because the use of total Vp. as an indicator for infection risk is considered
problematic, as the majority of environmental Vp. strains are not known human pathogens and
current accepted detection methods lack the nuance to accurately differentiate the abundance of
pathogenic to non-pathogenic Vp. strains in the environment (1, 18, 25, 27).
Two hemolysin genes (tdh and trh), present in the majority of Vp. isolates recovered
from infected patients, are often used as markers to discriminate the abundance of potentially
pathogenic strains in surveillance efforts and likely provide a better indicator of risk than total
Vp. (1, 18, 25, 27-29). However, due to the rapid emergence of Vp. as a public health concern in
New England, limited information related to the distribution and abundance of tdh+, and trh+
Vp., in shellfish harvest areas in the region has been collected that can help inform Vp. risk
assessment models and more nuanced management strategies (25, 27, 35).
A number of recent Vp. abundance modeling efforts have been conducted in New
Hampshire Coastal waters, however the rate of detection of tdh+ and trh+ Vp. in surveillance
efforts in Northern New England is historically rare (25, 27). A number of recent studies
conducted in southern New England harvest areas have documented a greater frequency of
detection and higher relative abundance of tdh+ and trh+ Vp. than those observed in the northern
half of the region. For example, a 2012 study found that the relative percentage of tdh+ and trh+
Vp. to total Vp. in Rhode Island coastal waters was on average between 0.2% to 3.5% and 2.5%
to 31.9%, respectively; with observations from individual harvest areas highly variable across a
very limited spatial extent (5). Similarly, Jones et al 2014 observed a greater than 50% detection
rate of tdh+ and trh+ Vp. in oyster and clam samples collected from Connecticut and New York
harvest areas, as well as sample outcomes with relative levels of tdh+ Vp. to total Vp. well above
the estimated 0.03% (35).
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As the Cape Cod Peninsula serves as a major biogeographical barrier in the coastal
waters of the Northwest Atlantic, with environmental conditions and species assemblages in
harvest areas to the north of Cape Cod primarily influenced by the cool Labrador Current and
environmental conditions and species assemblages in harvest areas to the South of Cape Cod
largely influenced by the warm waters of the Gulf Stream (60), the observation of a higher
relative abundance and rate of detection of tdh+
and/or trh+ Vp. in southern New England harvest
areas as compared to northern New England
harvest areas is generally consistent with
standard temperature driven Vp. abundance and
risk predication models due to the overall warmer
water temperatures experienced in the southern
portion of the region. However, individual
harvest areas on either side of the Cape Cod
Fig 1. Massachusetts, USA, with harvest are Wellfleet
Harbor (WH), Duxbury Bay (WCCB) and Katama Bay
(KB).

peninsula can be highly influenced by localized
hydrodynamics, and in a number of northern

New England harvest areas the routine and/or episodic environmental conditions often reflect an
equal or higher estimated infection risk than their southern counterparts when standard risk
assessment methods are applied (60). Massachusetts’ straddles this biogeographical barrier,
likely limiting the utility of a generalized Vp. risk assessment model for the state, and driving the
need for the collection of robust baseline information to inform effective Vp. management
strategies. To support Vp. management efforts in Massachusetts we conducted routine Vp.
surveillance in three major harvest areas in the state between 2015 and 2017 and evaluated the

20

relationships between the observed absolute and relative abundance of total Vp. and the tdh and
trh pathogenicity markers (potentially pathogenic Vp.) with water temperature, salinity, and
chlorophyll in the harvest areas. The main research objectives of this study are to advance the
understanding of the relationships between total and potentially pathogenic Vp. and
environmental parameters in Massachusetts, and second, to determine how these relationships
differ between harvest areas across Massachusetts. We hypothesize that we will observe
variability in the relationship between total Vp. and potentially pathogenic Vp. abundance in
oysters and environmental conditions between harvest areas located on either side of Cape Cod.
Furthermore, we hypothesize that we will observe differential relative abundances of potentially
pathogenic Vp. to total Vp. between and within study sites driven by differences in
environmental conditions and Vp. population compositions across harvest areas.

METHODS

Study Sites
The three areas evaluated in the study included Katama Bay in the Town of Edgartown
Massachusetts on Martha’s Vineyard, Duxbury Bay (DB) and Wellfleet Harbor (WH) (Fig 1.).
While, all three sites are similarly affected by regional climatological changes that result in
seasonal shifts in temperature, salinity, and primary productivity, differences in tidal and current
dynamics result in variability in environmental conditions and ecosystem dynamics between the
sites (60). Katama Bay is a tidal inlet system with subtidal oyster culture and limited daily tidal
variability (~1m). Duxbury Bay and Wellfleet Harbor are both open bay systems with significant
daily tidal variability (3-3.5m).
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Environmental Sampling
Samples, each consisting of 12-15 hatchery-reared oysters (Crassostrea virginica), were
collected by commercial harvesters or Massachusetts Division of Marine Fisheries personnel on
a semi routine basis between May and October 2015-2017. Within 0-1hr of exposure to ambient
air, samples were placed in an insulated cooler with wet ice. Samples were transported directly to
laboratory facilities in MA or transferred to ice packs and overnight shipped to laboratory
facilities in New Hampshire. Internal oyster temperature was measured upon arrival at laboratory
facilities by partially shucking the oysters and inserting a stem thermometer. Any samples with
internal temperatures >10°C were not included in analysis. Oysters in each sample were cleaned,
shucked, homogenized and processed for analysis according to FDA BAM (54) protocols. The
homogenate was diluted using a 3-tube, five dilution or more series and incubated at 35-37°C.
For RT-PCR enumeration, a 1 mL sample from turbid tubes was boiled to lyse cells, the debris
cleared by centrifuging, and 2 ul of the lysate analyzed. The tiered analysis first employs the
FDA/NSSP MPN RT-PCR procedure (72) to quantify total Vp. using the Vp. species-specific
marker tlh and an internal amplification control (IAC). Positive tlh samples were then examined
in duplex for the presence of hemolysin containing strains using primers and probes specific to
tdh/trh (72). To adjust for variability in the detection threshold across labs, sample results for tlh,
trh and tdh that were <3 MPN/g were treated as non-detects in the analysis. Analysis of
environmental isolates was conducted by quadrant streaking turbid enrichments on Vibrio
CHROMAgar (CHROMagar, Paris, France) and sequencing the genome of individual Vp
isolates via Illumina technology. Sequences of seven housekeeping loci were isolated from the
resulting data for each isolate and used to compare with allele combinations in previously
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reported strains in the MLST database. The level of detection (LOD) for all three genetic
markers (tlh, tdh, trh) was 0.48 log MPN/g.
Environmental parameters, including water temperature (°C), salinity (ppt), and
chlorophyll a (ug/l) were measured for the Duxbury Bay and Wellfleet Harbor sites using YSI
EXO2 multi-parameter data sondes (YSI, Inc. Yellow Springs, OH), owned and maintained by
The Barnstable County Cooperative Program. In Katama Bay, chlorophyll (ug/L) was measured
using a Cyclops data logger with Turner fluorimeter probe. Water temperature (°C) and
conductivity were measured via an Onset Computer HOBO UA-002-08 Temperature Pendant
and U24-002-C Salinity Data Logger (Onset Computer Inc. Onset, MA), respectively. Upon
retrieval, conductivity was converted to salinity with the HOBOware Conductivity Assistant
(Version 2.1) that employs a non-linear temperature coefficient generated using the PSS-1978.
Discrete samples from Katama Bay analyzed via a bench top ThermoFisher Scientific filter
fluorimeter for chlorophyll a (ug/l) and YSI ProDSS for temperature, and conductivity were used
to verify in-situ data. All in-situ parameters were measured at 15-minute intervals.
Statistical Analysis
Median total and potentially pathogenic Vp. levels are reported based on log-transformed
values from all sample outcomes above the level of detection. Differences between distributions
of abundances were evaluated by Mann-Whitney rank sum tests. Spearman correlation was used
to assess the association between total and potentially pathogenic Vp. levels and environmental
parameters. The statistical significances of observed differences and associations were
determined using an alpha level of 0.05. These nonparametric tests were selected as generally
applicable given a high proportion of observations below the LOD for the tdh and trh gene
targets. When conducting group level comparison and correlation analysis half the limit of
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detection (LOD) was substituted for sample outcomes below the LOD. All analyses were
conducted using StatPlus 3 7.1.0 (AnalystSoft Inc., Alexandria, VA).

RESULTS
Statewide Detection and Vp. Levels.
A total of 273-oyster samples were collected over the three-year study period. Total Vp.
(tlh) was detected in 205 of 273 (75%) samples with a median level and range of 1.08 (range,
0.48 to 4.18) log MPN/g. This is a lower median level than reported for Connecticut oysters
(2.18 log MPN/g) (35) and slightly higher than those reported for New Hampshire (0.86 log
MPN/g) (25), but comparable to levels (103−104 MPN g-1) found in shellfish from other coastal
regions (58, 2, 3). The tdh marker was detected in 48 of 273 (18%) samples with a median level
and range of 0.52 (range, 0.48 to 2.97) log MPN/g. The trh marker was detected in 95 of 273
oyster (34%) samples with a median level and range of 0.56 (range, 0.48 to 2.96) Log MPN/g.
The median tdh and trh+ Vp. levels we observed were substantially higher than the median tdh
and trh levels reported for Connecticut oysters (-0.44 Log MPN/g) (35). Although, it is important
to note that the study conducted on Connecticut oysters had a lower limit of detection (-0.52 Log
MPN/g) than that used in our study (0.52 Log MPN/g). It is possible that the use of a lower LOD
would have resulted in more comparable median levels of tdh+ and trh+ Vp between the two
studies. The maximum level of total Vp. observed in oysters in this study (4.18 Log MPN/g) was
slightly higher than that reported for Connecticut and Rhode Island oysters (~3.95 Log MPN/g).
However, the maximum level of tdh+ (2.97 Log MPN/g) and trh+ Vp. (2.97 Log MPN/g)
observed in oysters in this study were over an order of magnitude higher than the maximum tdh+
and trh+ Vp. levels reported for Connecticut oysters (1.63 and 1.88 Log MPN/g, respectively),
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and only comparable to a single value reported for one coastal pond (CP2) in Rhode Island (5,
35).

Gene Detection Frequency

Duxbury
Bay
Katama
Bay
Wellfleet
Harbor
Overall

tlh, tdh, trh Median Level (Range) Log MPN/g of Samples Above LOD

tlh

tdh

trh

tlh

tdh

trh

98/123

27/123

57/123

1.17 (0.48 to 4.18)

0.57 (0.48 to 1.63)

0.87 (0.48 to 2.38)

84/123

18/123

26/123

0.96 (0.48 to 3.96)

0.48 (0.48 to 2.97)

0.48 (0.48 to 2.97)

23/27

3/27

12/27

0.96 (0.48 to 2.45)

0.48 (0.48 to 0.57)

0.71 (0.48 to 1.97)

205/273

48/273

95/273

1.08 (0.48 to 4.18)

0.52 (0.48 to 2.97)

0.56 (0.48 to 2.97)

Table 1 Detection frequency, median, and range of tlh, trh, and tdh abundance from oysters at samples sites 20152017

Site Specific Detection and Levels
The number of samples collected from Duxbury Bay and Katama Bay (DB, n=123;
Katama Bay, n= 123) varied from Wellfleet Harbor (n=27). The significantly lower number of
samples collected from Wellfleet Harbor was the result of logistical challenges associated with
access to the site being tidally dependent. We observed differences in the rate of detection and
median and maximum total Vp. levels between sites. Total Vp. was detected in 98/123 (79%) of
samples from DB, 84/123 (68%) from Katama Bay, and 23/27 (96%) from Wellfleet Harbor.
The highest median and maximum total Vp. level was observed in Duxbury Bay and total Vp.
levels (P= 0.02) were significantly higher in Duxbury Bay than in Katama Bay. No other effects
from sampling location on total Vp. levels were observed. The maximum total Vp. levels in
Duxbury Bay (4.18 Log MPN/g) and Katama Bay (3.96 Log MPN/g) were similar, with both
approximately an order of magnitude higher than the maximum level observed in Wellfleet
Harbor (2.45 Log MPN/g). tdh+ Vp. was detected in 27/123 (22%) of samples from Duxbury
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Bay, 18/123 (15%) from Katama Bay, and 3/27 (11%) from Wellfleet Harbor. There was no
effect of sampling location on tdh+ Vp. levels, and median levels between the three sites were
similar (Table 1). However, the maximum tdh+ Vp. level for Katama Bay (2.97 Log MPN/g)
was more than an order of magnitude higher than that observed for Duxbury Bay (1.63 Log
MPN/g) and two orders of magnitude higher than that observed in ECC (0.57 Log MPN/g). The
genetic marker trh was detected in 57/123 (46%) of samples from Duxbury Bay, 26/123 (21%)
from Katama Bay, and 12/27 (44%) from Wellfleet Harbor. Levels of trh+ Vp. were
significantly higher in Duxbury Bay than in Katama Bay (P=0.03) and Wellfleet Harbor (P=
>0.001) and between Wellfleet Harbor and Katama Bay (P=0.03). While median trh+ Vp. levels
were lowest in Katama Bay, the maximum trh+ Vp. level observed for Katama Bay (2.97 Log
MPN/g) and Duxbury Bay (2.38 Log MPN/g) were approximately an order of magnitude higher
than that reported for Wellfleet Harbor (1.97 Log MPN/g). The higher maximum levels of tdh+
and trh+ Vp. in Katama Bay followed by Duxbury Bay are consistent with reported trends for
Vp. infection risk between Massachusetts harvest areas (Schillaci et al 2020a). Gene occurrence
and descriptive statistics for all samples and at individual sites are presented in Table 1.
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Fig 2. Levels of total Vp. tdh, and trh log10 MPN/g in oysters at all harvest sites. A=
Overall, B= Duxbury Bay, C=Katama Bay, D= Wellfleet Harbor. Hollow circles
represent outliers; vertical lines illustrate ICQ range; bold horizontal bars represent
median Vp. concentrations.
Relative abundance of potentially pathogenic Vp. to total Vp.
Statewide, the mean relative abundance and range of tdh:tlh and trh:tlh was 7.1% (0100%) and 17.1% (range, 0-100%), respectively. Similar to observations in differences between
maximum tdh+ Vp. levels between sites, the highest average relative abundance of tdh:tlh was
observed at the Duxbury Bay (8.2%) and Katama Bay (7.3%) sites. This is consistent with the
observation of a higher maximum level of tdh+ Vp. in both harvest areas. The average relative
abundance and range for Wellfleet Harbor was similar to that observed in other New England
harvest areas (Cox) and those reported in other regions (Flynn….). The average relative
abundance and range of trh:tlh for Katama Bay and Wellfleet Harbor were similar and both
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slightly higher than those reported for Rhode Island. The average relative abundance and range
of trh:tlh for Duxbury Bay was the highest of the three study areas. These values, in particular
those observed for average tdh:tlh abundance, are substantially higher than the average relative
abundance of tdh:tlh (1.1%) and trh:tlh (12.1%) observed in Rhode Island (Cox) and far higher
than that predicated for the North Atlantic region in the 2005 FDA quantitative Vp. risk
assessment for oysters (FDA, 2005).

Area
Duxbury
Katama
Wellfleet
Overall

mean % (range)
trh:tlh
23.8% (0-100)
10.6% (0-100)
14.3% (0-100)
17.1% (0-100)

tdh:tlh
8.2% (0-100)
7.3% (0-100)
0.8% (0-15)
7.1% (0-100)

Table 2. Percentages of tdh+ and trh+ Vp. relative to total Vp. (tlh) for all sites

Association of total and potentially pathogenic Vp. with environmental parameters.
Environmental parameters at all sites showed similar trends across years (Figures 3-5).
Across all sampling events, observed water temperatures ranged from 14.2 to 28.0°C (median,
21.7°C), salinity ranged from 25.2 to 32 ppt (median, 29.9 ppt), and chlorophyll a ranged from
2.2 to 24.3 ug/L (median, 7.3 ug/L) (Table 3). Water temperatures and salinities observed in
Duxbury Bay were significantly lower than those observed in Wellfleet Harbor (P= <0.001 and
P= <0.035, respectively) and Katama Bay (P= <0.001 and (P= <0.001, respectively).
Chlorophyll a levels observed in Wellfleet Harbor were significantly higher than those observed
in Katama Bay (P= <0.001) and Duxbury Bay (P=<0.001). No other significant or marginally
non-significant differences in water temperatures or other environmental parameters were
observed between sites.
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Fig 3. Temporal variation (year-week) of environmental parameters (right axis) and mean Total
Vp., tdh, and trh levels (left axis) in oyster samples collected from Duxbury Bay 2015-2017.
Error bars represent the standard deviation for weeks with more than one sampling occasion. For
sample outcomes <LOD, 1/5 the LOD was substituted.

Fig 4. Temporal variation (year-week) of environmental parameters (right axis) and mean Total
Vp., tdh, and trh levels (left axis) in oyster samples collected from Katama Bay 2015-2017. Error
bars represent the standard deviation for weeks with more than one sampling occasion. For
sample outcomes <LOD, 1/5 the LOD was substituted.
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Fig 5. Temporal variation (year-week) of environmental parameters (right axis) and mean Total
Vp., tdh, and trh levels (left axis) in oyster samples collected from Wellfleet Harbor 2015-2017.
For sample outcomes <LOD, 1/5 the LOD was substituted.

Duxbury
Bay
20.3 (14.223.6)
29.3 (25.232)

Wellfleet
Overall
Harbor
Water Temperature
24.6 (15.322.6 (16.221.7 (14.2o
28.1)
28)
28.0)
( C)
30.2 (28.230.3 (27.729.9 (25.2Salinity (PPT)
31.5)
31.7)
32)
Chlorophyll a
7.3 (2.29.4 (3.67.3 (2.26.8 (2.9- 14)
(ug/L)
15.6)
24.3)
24.3)
Table 3. The median and range of environmental parameters observed during sampling events
at the three study sites individually and combined.
Katama Bay

The extent levels of total Vp., tdh+ Vp., and trh+ Vp. correlated with individual
environmental parameters varied widely between sites (Table 4). Consistent with observations
from New Hampshire and Rhode Island, water temperature showed the greatest correlation with
total Vp. levels for combined data (Spearman's correlation coefficient (rs) = 0.23, P =< 0.001)
and at individual sites (Duxbury Bay, (rs) = 0.55, P =< 0.001; Katama Bay, (rs) = 0.31, P =<
0.001; Wellfleet Harbor, (rs) = 0.43, P =0.024). Duxbury Bay was the only site where total Vp.
and salinity (rs) = 0.32, P =< 0.001) were significantly correlated. This is likely the result of the
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greater range of salinities observed during the study period in Duxbury Bay than the other sites.
Significant correlations between chlorophyll a levels and total Vp. observed for combined data
(rs) =0.21 P =<0.001) and Duxbury Bay (rs) = 0.39, P =< 0.001), but not for other sites.
Correlations between tdh+ Vp. and environmental parameters were limited. Levels of tdh+ Vp.
in Duxbury Bay significantly correlated with water temperature (rs) = 0.32, P =< 0.001) and
chlorophyll a (rs) = 0.35, P =< 0.001). Levels of tdh+ Vp. in Katama Bay significantly correlated
with salinity (rs) = 0.36, P =< 0.001). Levels of trh+ Vp. significantly correlated water
temperatures and salinity in Duxbury Bay (rs) = 0.26, P =< 0.001 and (rs) = 0.24, P = 0.007),
respectively) and Katama Bay (rs) = 0.26, P =0.004 and (rs) = 0.27, P =0.003), respectively).
Significant correlations between chlorophyll a and trh+ Vp. levels observed for combined data
(rs) =0.29 P =<0.001) and Duxbury Bay (rs) = 0.38, P =< 0.001). No other significant or
marginally nonsignificant correlations were observed. Spearman's correlation coefficient for all
environmental parameters and levels of total, tdh+, and trh+ Vp. for individual sites and data
from all sites combined are presented in Table 4.

Log10-tlh (MPN/g)

Log10-tdh (MPN/g)

Log10-trh (MPN/g)

Overall

DB

KB

WH

Overall

DB

KB

WH

Overall

DB

KB

WH

Temp °C

0.23

0.55

0.31

0.43

0.1

0.32

0.17

0.06

0.06

0.46

0.26

0.13

Sal. PPT

0.11

0.32

0.02

0.18

0.08

0.03

0.36

0.27

0.10

0.24

0.27

-0.14

Chl a
ug/L

0.21

0.39

0.005

0.12

0.09

0.35

-0.21

0.02

0.15

0.38

-0.12

-0.17

Table 4. Spearman's correlation coefficients for log transformed tlh, tdh, and trh values
(MPN/g) and environmental parameters. Greyed boxes represent significant correlations
with a CI= .05%.

31

Temporal Trends in Total and Potentially Pathogenic Vp levels in Oysters.
Overall trends in the seasonal occurrence and maximum levels of total and potentially
pathogenic Vp. observed during the study, were comparable to those reported in oysters from
other harvest areas in the region (Figures 3-5). (5, 25, 35). Trends were variable between sites,
but in general total and potentially pathogenic Vp. levels were highest between July 1 and Sept
15, which is consistent with the observed peak Vp. risk period in the state and observations from
other studies in the region (Chapter 3, 25, 73, 74).

DISCUSSION

Consistent with the results of previous studies conducted in the Northeast and other
regions, our results demonstrate significant associations between water temperature and total Vp.
levels in Massachusetts oysters at all three sites (5, 25, 27, 37,73, 74). The observed relationship
between salinity and Vp. abundance in Massachusetts also reflects observations of previous
studies (18), showing variable associations in areas with a fairly narrow range of salinity. While
total Vp. abundance generally followed seasonal increases in water temperature, the association
between Vp. abundance and mid-season variability in water temperature was limited at most
sites with the exception of Duxbury, which was the only site where significant correlations
between water temperature and all three genetic markers were observed. This observation is
consistent with that of a recent study conducted in Washington State that found the generally
positive correlation between total and tdh+ and trh+ Vp. abundance and water temperature that
became non-linear when water temperatures exceeded 22°C (37). Thus, because temperatures in
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Duxbury Harbor were the coolest of the three study areas and rarely exceeded 22°C, even in the
peak of summer, the relationship remained significant.
Despite the positive correlation with water temperature and total Vp., at all sites we
observed non-detectable total and tdh+ and trh+ levels in oyster samples collected during the
peak of summer, as well as significant short term variability in Vp. abundance at individual sites
with no concurrent change in measured environmental parameters. For example, we observed
background total Vp. levels in Katama Bay fluctuate from non-detectable levels to 3.96 Log
MPN/g within 24 hours, with no difference in water temperature beyond normal daily
fluctuation. As total Vp. levels of 3.96 Log MPN/g are considered to represent levels of concern
for human health (1), the significant variability within a 24 hour period calls into the question the
utility of routine Vp. surveillance to capture trends in Vp. abundance that may indicate periods of
increased risk. We also observed significant variability in Vp. levels between replicate samples
collected from the same cage at the same time, suggesting there can be a high degree of
variability in Vp. levels on an oyster to oyster level that is completely unrelated to differences
environmental conditions. A number of other studies have reported similar levels of background
variability (57, 75- 76) as well as oyster-to-oyster variability in Vp. abundance within samples
(75-76). If major daily fluctuations in Vp. abundance and oyster-to-oyster variability is common,
accurately capturing short term trends in Vp. abundance within harvest areas would require a
sampling frequency and sample size to that is not practical for most State programs. Therefore,
Vp. surveillance likely is best suited to evaluating differences in baseline risk between harvest
areas, as opposed to use as a real time trigger for Vp. controls or harvest area closures.
Despite the observed positive relationship between water temperature and Vp. levels, a
number of our findings were counter to standard temperature based risk assessment methodology
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(5, 25, 27, 78). For example, generally you would estimate the lowest Vp. abundance and risk of
the three study areas to be in Duxbury Bay due to the significantly cooler water temperatures (1).
Yet, Duxbury Bay had the highest median total and tdh+ and trh+ Vp. levels of the three study
sites, as well as the highest average relative abundance of tdh+ and trh+ Vp. to total Vp. Studies
conducted in the PNW have also reported that the areas and periods where the highest median
total, tdh+ and trh+ Vp. abundance are observed are often not associated with the periods or
areas where the highest water temperatures are observed (79). Recent insights into pathogenic
strain emergence in the Northeast suggest that differences in bacterial populations between
harvest areas may play a larger role in enhanced disease risk than environmental conditions
traditionally considered conducive for rapid Vp. growth (28). This hypothesis does fit a number
of observed trends associated with epidemiological reporting in Massachusetts (Chapter 3). For
example, while both Duxbury Bay and Wellfleet Harbor are located to the north of Cape Cod
Bay, we observed more similarity in the absolute and relative abundance of total and potentially
pathogenic Vp., and the results of correlation analysis, in Duxbury Bay and Katama Bay than for
Wellfleet Harbor and Duxbury Bay. This may be in part due to similarities in the pathogenic Vp.
communities in Katama Bay and Duxbury Harbor, with the majority of Vp. infections in both
areas associated with strains from the non-endemic ST36 complex (28, Chapter 3). Trends in
infection risk we observed when evaluating epidemiological reporting data from Massachusetts
(Chapter 3) also appear to follow closely with trends in maximum tdh+ Vp. values we observed
in our three study areas. For example, the maximum recorded value for tdh+ Vp. in Katama Bay
was 2.97 log10MPN/g, which is roughly an order of magnitude higher than the maximum
recorded value for tdh+ Vp. in Duxbury Bay of 1.63 log10MPN/g, and two orders of magnitude
higher than the maximum recorded value for tdh+ Vp. in Wellfleet Harbor of 0.57 log10MPN/g.
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These results are consistent with trends in differences in the observed risk between
Massachusetts harvest areas between 2014 and 2016 where the average risk per serving between
2014 and 2016 in the regions containing our study areas was 2.9 cases/100,000 oysters in
Katama Bay, 0.7 cases/100,000 oysters in Western Cape Cod Bay where Duxbury Bay is
located, and 0.37 cases/100,000 oysters in Wellfleet Harbor. We also observed higher rates of
detection of tdh+ Vp. and higher relative percentages of tdh+ Vp. to total Vp., in Katama Bay
and Duxbury Bay, which are both located in areas where higher infection risks were observed
(Chapter 3).

CONCLUSIONS

In summary, the current study examines the relationship between Vp in oysters and
various independent environmental parameters in Massachusetts harvest areas. Overall our
results suggest limitations to estimating Vp. risk in Massachusetts on a statewide basis from
surveillance conducted at a limited number of sites and at a limited sampling frequency as well
as challenges for the development of localized risk assessment models based on total, tdh+ and
trh+ Vp. However, our results did provide useful information on differences in the baseline
absolute and relative abundance of total and potentially pathogenic Vp. levels, and information
on trends in their relationship to environmental parameters, that can be used to inform Vp.
management strategies in Massachusetts. For example, while there were slight differences
between sites, the annual occurrence of when total, tdh+ and trh+ Vp. were first detected and
peaked were similar enough between harvest areas to inform the establishment of a statewide
seasonal control period between late May and early October. While focusing on predictable
trends and variables to establish seasonal controls may mean that when areas experience short35

term weather fluctuations the controls in place may appear to be overly cautious, considering the
observed short-term variability in Vp. abundance within harvest areas, adjusting controls to
match real time conditions would generally be incompatible with the legal processes required to
implement and enforce regulatory controls, and the practical aspects of notifying harvesters and
enforcement officers that new controls are in place. With enough data it may be possible to
develop nuanced controls and risk prediction models that address the type of short-term
variability we observed, but maintain a level of predictability. For example, if surveillance data
were collected in a manner that could indicate if there is a consistent daily period of low Vp.
abundance (i.e. between sunrise and 10 AM) the State or harvesters could establish a seasonal
daily harvest window, or tiered controls based on daily trends. While our data scratched the
surface at correlating Vp. abundance with observed patterns in infection risk, until there is a
greater understanding of the correlation between total, tdh+ and trh+ Vp. abundance in shellfish
and illness occurrence, it is likely that Vp. surveillance and risk modeling will continue to
provide the greatest value for use to describe baseline trends to inform seasonal Vp controls.
Advancements in culture independent methods that can provide results more quickly and at a
lower cost than culture dependent methods, and that employ genetic markers that focus on actual
pathogenic strains, may increase the utility of surveillance as a means of triggering management
actions.
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CHAPTER III.
ENVIRONMENTAL INVESTIGATIONS OF Vibrio parahaemolyticus ILLNESS
OCCURRENCE IN MASSACHUSETTS, 2014-2016

INTRODUCTION

Vibrio parahaemolyticus (Vp.) is a halophilic, Gram-negative, flagellate, rod-shaped
bacterium and the leading cause of bacterial derived seafood poisoning in the US and worldwide
(12-13). Human gastric infections from exposure to pathogenic strains of Vp. generally result in
self-limiting gastroenteritis, headache, and fever. In rare cases, gastric Vp. infections can lead to
life threatening septicemia; with the majority of severe Vp. infections observed in patients with
compromised immune function (1, 14, 17). Vp. is naturally occurring and widely disseminated in
coastal and estuarine waters globally; although; the vast majority of environmental Vp. strains
are not known human pathogens and the baseline composition and abundance of pathogenic
strains varies between areas (12-13). Environmental Vp. abundance generally demonstrates a
seasonal trend, with the highest levels observed in summer months (25). In temperate latitudes
Vp. becomes undetectable when water temperatures fall below 10°C (5, 25, 27), with levels
rapidly increasing exponentially when water temperatures exceed 21°C (53). Vp. cells
commonly attach to particulates and other organisms in the marine environment and can be
found on a number of seafood products at market. Fully cooking seafood significantly reduces
Vp. infection risk to consumers (1). As a result of consumer trends favoring raw consumption,
and their ability to concentrate Vp. through normal filter feeding processes, oysters are the most
commonly reported vector in seafood related Vp. infections with source information (1, 3-6).
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In contrast to recent trends for other foodborne pathogens in the U.S., which have
decreased over the past decade, the CDC reports the number of seafood related Vp. cases
between 2012 and 2017 increased over 50% when compared to reported cases between 2007 and
2011 (11, 22). There has also been an observed northward shift in the geographic range of
reported U.S. Vp. infections over the last two decades (10, 18, 22, 25, 27, 28, 29, 30, 36, 80-83).
Historically, the majority of U.S. cases were associated with wild oysters harvested from the
warm waters of the Gulf of Mexico (1, 12), an increasing number of U.S. sporadic infections and
outbreaks have been attributed to shellfish harvested from the U.S. Pacific Northwest (PNW),
British Colombia, and even as far north as Alaska (37, 80, 83, 85). In the summer of 2004, 62
people became ill after consuming raw oysters harvested from Prince William Sound, expanding
the northern most point from which a Vp. outbreak had been reported by over 1000km (83).
Likewise, since 2012 there has been a significant increase in the incidence of Vp. cases linked to
the consumption of oysters harvested from the U.S. Northeast (NE) (26, 28, 30).
A number of factors are believed to be contributing to this northward shift in Vp. case
occurrence. In the NE, the increased incidence of infections has been linked to the introduction
of highly virulent pathogenic Vp. strains, as well as increasing virulence of endemic Vp. strains
(25, 27, 28, 30). For example, in 2012 a Sequence Type-36 (ST36) strain commonly associated
with outbreaks on the Pacific coast was identified in the first major U.S. outbreak in over a
decade associated with oysters harvested from Oyster Bay, NY, which sickened over 28 people
in 9 states. In the following year, ST36 strains resulted in an even larger oyster related Vp.
outbreak, which lead to 109 infections across 13 states in the region (25, 27, 28, 30, 36). Since
2013 infections associated with ST36 have decreased in most Northeast states, but ST36
continued to result in the majority of cases in a number of Massachusetts harvest areas between
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2014 and 2017 (28, 31), suggesting ST36 strains have established environmental reservoirs
within the region (26, 28). In addition, infections associated with a resident strain known as
ST631 have also increased in occurrence in the Massachusetts (29). Together, the ST36 and
ST631 strains were responsible for 85% of local source gastric infections in Massachusetts
between 2011 and 2017 (28, 29, 70).
While increased rates of U.S. Vp. infections are concerning, they must be put in the
context of the corresponding increase in U.S. oyster production targeted almost exclusively
toward the raw half shell market. For example, between 2008 and 2018, single oyster production
in Massachusetts alone increased from 11 million pieces to over 50 million pieces (31),
essentially increasing the rate of consumer exposure fivefold. With similar trends of increasing
production reported in other states within the region and across the country (86), the observed
reported increase in U.S. Vp. case occurrence may not actually constitute an increase in the risk
per serving to consumers above the FDA estimated acceptable baseline risk of <1 illness per
100,000 servings (1, 7). However, production nor illness occurrence is equally distributed across
the U.S., and to accurately determine if trends in increasing illness occurrence are being driven
by changes in environmental conditions, increasing consumer exposure to Vp. bacteria, underreporting rates, or a combination of factors, a detailed evaluation of harvest area specific
production data and illness source attribution information is needed (7).
The Interstate Shellfish Sanitation Conference (ISSC) has established requirements in its
National Shellfish Sanitation Program (NSSP) Model Ordinance (MO) for State Shellfish
Control Authorities (SCAs) related to the assessment and mitigation of Vp. risk associated with
the consumption of raw molluscan shellfish. In order to determine if the implementation of
control measures to reduce the probability of Vp. illness occurrence are warranted in areas under
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their jurisdiction, the NSSP MO requires SCAs to annually conduct a risk assessment to evaluate
if the risk of Vp. infection from the consumption of oysters is reasonably likely to occur. In areas
where environmental conditions or historic Vp. illness occurrence demonstrate that the risk of
Vp. infection may be present, the NSSP requires State Shellfish Control Authorities to
implement a Vp. control plan (VCP). The goal of the VCP is to reduce the probability of
occurrence of Vp. illness through the establishment of time temperature controls or other
measures, such as post-harvest processing or proactive closures, during periods that have been
historically associated with annual illnesses. The environmental factors SCA are required to
evaluate in their annual risk assessment are derived from the 2005 FDA Quantitative Risk
Assessment on the Public Health Impact of Pathogenic Vibrio parahaemolyticus In Raw Oysters
(1, 7); which uses quantitative product pathway analysis in which a number of factors that can
influence the abundance of Vp. in raw oysters from harvest to consumption are evaluated, in
part, to estimate differential Vp. risk between areas, harvest methods, and seasons.
The most influential factor affecting predicted risk of Vp. illness in the FDA assessment,
and many other abundance based Vp. risk prediction models, is the level of total Vp. in oysters at
the time of harvest, with water temperature as the primary environmental driver of Vp.
abundance (1). However, Vp. population dynamics in coastal waters, and within the oyster tissue
matrix, can be influenced by a number of complex factors associated with specific ecosystem
conditions, overall climate conditions, short and long term fluctuation of conditions, and the
effects and frequency of climatic events (18, 25, 27, 84). These factors can drive competition,
growth, and evolution within ecosystems and individual Vp. communities, and within individual
oysters, which can result in variability at the local and regional scale, and limit the utility of
baseline regional risk assessment models, especially in temperate regions where there can be
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significant variability in environmental conditions and Vp. population composition at a limited
spatial extent (25, 27, 28, 37). To that end, numerous studies have attempted to identify the
environmental determinates that correlate with Vp. abundance in U.S. harvest areas and apply
those values to develop regional and localized risk assessment models (25, 27). A vast array of
environmental parameters, including: temperature, salinity, chlorophyll a, turbidity, suspended
sediments, nutrients, and dissolved organic carbon, have been demonstrated to have varying
levels of influence on total Vp. abundance in shellfish at harvest (2, 5, 18, 25, 27, 42, 50- 51).
However, the correlation of individual or multiple environmental parameters to total Vp. appears
to be strongly variable between studies and study sites (42). As a result of this high level of
variability, the majority of Vp. risk prediction models rely on the limited number of factors that
tend to demonstrate broader geographic applicability and higher correlation; such as,
temperature, salinity, and often chlorophyll a, (1, 18, 25, 27, 42).
Despite recent advances in Vp. detection methods and statistical predictive models (25,
27, 70, 72), the use of these tools to inform management practices remains limited. This is
primarily due to the considerable uncertainty regarding the relationship between Vp. infection
risk and total and potentially pathogenic Vp. indicator gene abundance in environmental oyster
samples (25, 28, 36, 70). Often reported illness patterns do not correlate with the periods of
predicted or observed high Vp. abundance, suggesting missing correlates that are not fully
accounted for. For instance, recurrent, seasonal cases have occurred in the Pacific Northwest, not
during summer when Vp. is predicted and observed to be most abundant, but in early spring (79,
87). While we should not discount the utility of abundance based risk assessment models to
characterize Vp. infection risk conditions, it is clear from epidemiological reporting that
differences in Vp. strain virulence and community composition between areas within a given
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region can drive patterns in illness occurrence independent of environmental conditions (28).
Further, few of these models have had the benefit of detailed epidemiological reporting to
evaluate how abundance based risk assessment methodology actually correlates with
documented illness occurrence beyond a regional and seasonal level. This is primarily due to the
complexity associated with successful Vp. reporting and source attribution (Figure 1). In
particular, due to the self-limiting nature of gastric Vp. infections, the CDC estimates there are
1.1 reported cases for every 142.4 unreported cases (13). In addition, less than 20% of U.S. Vp.
cases reported to the CDC between 2012 and 2015 contained source attribution data, and fewer
than 20% of those reports provided single source attribution data (11). Even for the small
percentage of cases where a presumptive harvest area and harvest date can be identified,
corresponding data on environmental conditions, and in particular Vp. levels in shellfish may not
be available (12).

Figure 1. Vp. case trace back process. Light red boxes indicate a pathway
that does not lead to the successful identification of source information.
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Despite the limitations associated with Vp. illness source identification, between 2014
and 2016 Massachusetts Department of Public Health Epidemiologists and Seafood Inspectors
were able to successfully identify the presumptive harvest area and harvest date for 67 laboratory
confirmed gastric Vp. infections where Massachusetts oysters were identified as the presumptive
vector (31). Of those 67 cases, 44 cases were linked to three distinct harvest regions in
Massachusetts where information pertaining to the number and timing of Vp. cases, production
levels, and environmental conditions in harvest areas on harvest dates implicated in cases was
available. We analyzed this data in an attempt to determine how observed variability in
environmental conditions within and between the three harvest areas influences Vp. infection
risk in Massachusetts between 2014 and 2016. We also evaluated how our results compared with
assumptions made in standard abundance based risk assessment methodology to determine the
extent to which Vp. abundance modeling is a useful indicator of infection risk in Massachusetts.
In addition, the sequence type of the clinical isolates in 39 of the 44 cases was evaluated to
determine if there was variability in risk that may be associated with differences in Vp.
communities between the studies areas. This analysis explores previously uninvestigated spatial
and temporal interactions related to environmental conditions, Vp community composition, and
illness occurrence; therefore, our work offers an original effort to evaluate how differences in
Vp. community composition and environmental conditions can influence illness occurrence and
Vp risk at a limited spatial and temporal extent, and how the use of epidemiological data can be
applied to Vp. risk prevention and risk assessment methodology.
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METHODS

Study Areas
The three study regions we evaluated (Figure 2) included: Katama Bay in the Town of
Edgartown MA on Martha’s Vineyard; Western Cape Cod Bay (WCCB), which includes harvest
areas in Duxbury Bay in Duxbury, MA, and Plymouth Bay in Plymouth and Kingston MA; and
Eastern Cape Cod Bay (ECCB), which includes Cape Cod Bay harvest areas in the Towns of
Wellfleet, Barnstable, Dennis, Brewster, and Orleans, MA.

WCCB
ECCB

Katama Bay

Figure 2 Map of the three study regions. ECCB= Eastern
Cape Cod Bay, WCCB= Western Cape Cod Bay

These regions were defined based on hydrographic connectivity and relatedness of
environmental conditions and harvest practices in the specific harvest areas contained in the
individual harvest regions. All three regions are major oyster production areas and collectively
represent subtidal tidal inlet systems (Katama Bay) and open bay intertidal (ECCB and WCCB)
systems, as well as warm Gulf Stream influenced waters (Katama Bay), and cool Labrador
Current influenced waters (ECCB and WCCB). This variability makes them ideal locations to
evaluate differences in risk in the context of varying environmental conditions at a limited spatial
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scale. All three harvest regions studied were under the same statewide Massachusetts Vibrio
Control Plan between 2014 and 2016, which required icing within two-hours of harvest;
however, specific icing times for individual implicated lots may have been less than two hours.
Illness source attribution data and harvest dates were obtained from public notices sent by
the Massachusetts Division of Marine Fisheries (DMF), and from the Massachusetts Vibrio
Program 2017 Vibrio Risk Assessment for Oysters (CITE). Data contained in notices and the
risk assessment were derived from Massachusetts Department of Public Health foodborne illness
investigations. All cases included in the analysis were laboratory confirmed as Vp. via genetic
assessment of clinical isolates. Source attribution data are considered presumptive as attribution
was obtained via oral patient interviews by DPH epidemiologists and wholesale and retail
investigations conducted by DPH Seafood investigators. Records obtained at wholesale and retail
establishments were confirmed with harvester records by DMF staff. For cases where a single
harvest area was implicated, but multiple lots from different harvest dates were available for
service on the date of consumption, environmental conditions from the harvest date most
proximate to the date of consumption was used.
To determine the risk per serving for individual harvest regions, oyster production data
were derived from dealer reported landings data. The quantity of oysters landed between May 15
and October 15 from the individual study regions were totaled, and values rounded down to the
nearest thousandth for ease of reporting. To determine an appropriate value for the average
percentage of oysters harvested in Massachusetts that were consumed raw during this period, we
used a value provided in the 2017 Massachusetts Vp. Risk Assessment for Oysters of 95% (31).
To develop a value for average serving size in Massachusetts, we used information reported on
COVIS forms collected from patients by DPH epidemiologists during the foodborne illness
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interviews for the cases included in this study; which include a question on the actual or
estimated quantity of oysters consumed.
Environmental parameters, including surface (.5 meter) water temperature (°C) and
salinity (ppt) were measured at 15-minute intervals from Duxbury Bay and Wellfleet Harbor and
were used as representative data for WCCB and ECCB, respectively. Data were collected using
YSI EXO2 multi-parameter data sondes (YSI, Inc. Yellow Springs, OH), owned and maintained
by the Barnstable County Cooperative Program. In Katama Bay, water temperature (°C) and
conductivity were measured via an Onset Computer HOBO UA-002-08 Temperature Pendant
and U24-002-C Salinity Data Logger (Onset Computer Inc. Onset, MA), respectively. Upon
retrieval, conductivity was converted to salinity with the HOBOware Conductivity Assistant
(Version 2.1) that employs a non-linear temperature coefficient generated using the PSS-1978.
Daily values for each parameter were averaged for analysis. Clinical isolates were sequenced via
Illumina technology. Sequences of seven housekeeping loci were isolated from the resulting
sequence data for each isolate to compare with allele combinations in previously reported strains
in the MLST database.

RESULTS AND DISCUSSION

Our results and discussion are presented in the context of how our observations compared with
assumptions in standard abundance based predictive risk assessment methodology currently
employed in the U.S., and the utility of these observations to inform refine Vp. risk reduction
management approaches for the Massachusetts.
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The number and timing of Vp. cases linked to the consumption of oysters
During the study period harvest dates associated with Vp cases in Massachusetts occurred
between June 15 and October 1 (Figure 6), with the peak period of illness occurrence between July
1 and September 15 (42/44 cases). Consistent with Vp. ecology in the region cases in the late fall,
winter, and early spring were absent. The timing of overall and peak case occurrence was
consistent with the seasonality of total and potentially pathogenic Vp. levels in Massachusetts
harvest areas (Chapter 2; 5, 25).

Figure 3 Epidemiology curve of single source oyster associated Vp. Illnesses attributed to
three Massachusetts harvest areas (ECCB, WCCB, and Katama Bay) from 2014-2016. The
red shaded box represents the observed "peak Vp risk period"

This suggests congruence with standard risk assessment methodology and provides a
temporal basis for the establishment of a Vp. risk season in Massachusetts, during which the
establishment of Vp. controls to limit risk of shellfish derived Vp. infections is prudent. The
identification of a peak Vp. “risk period” also provides information for the period in which
enhanced controls may be warranted in the state. While this provides a useful basis for statewide
management, the number of cases and timing of peak case occurrence varied between study sites,
with 17 cases (38%) linked to oysters harvested from Katama Bay, where the majority of cased
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occurred during peak summer conditions, 16 cases (36%) linked to oysters harvested from
WCCB, where cases were primarily associated with the latter half of the summer, and 11 cases
(25%) linked to oysters harvested from ECCB, where illnesses were widely distributed across the
entire Vp. risk season (Figures 4a-d). This suggests the initiation of elevated controls during the
statewide peak risk may not correlate with harvest area specific trends and a more detailed
evaluation of case occurrence in individual areas could inform a more nuanced approach.

Environmental Conditions in Harvest Areas on Implicated Harvest Dates
An evaluation of temporal trends in Vp. illness occurrence may provide an indication of
the general timing of Vp. risk in the state; however, environmental conditions can vary between
years and within the risk periods, especially during shoulder seasons outside of the peak risk
period, resulting in seemingly overly burdensome controls when conditions are unseasonably
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cool, or inadequate controls during unseasonably warm conditions. Thus, in addition to
establishing basic seasonal control measures on temporal trends in infections, a number of states
have developed VCP that require the use of enhanced controls during periods when
environmental conditions historically associated with the majority of infections are present. For
example, in Connecticut harvest areas implicated in past outbreaks, all cases have been
associated with water temperatures exceeding 20°C. This has allowed state managers to establish
a 20°C water temperature threshold to define the peak risk period between years. When water
temperatures exceed 20°C in those areas, the State notifies harvesters and implements enhanced
post-harvest cooling measures (34). Washington State has also developed a VCP that employs
environmental conditions as triggers for enhanced controls. Based on an evaluation of historic
geographic and temporal trends in illness occurrence, state managers have divided the state into
three risk categories. For each risk category they have established air and water temperature
thresholds reflective of historic peak Vp. risk that correspond with the amount of time harvesters
are required to place oysters under temperature control following harvest, with the highest tier
outright prohibiting harvest until elevated risk conditions have abated. In Washington State
harvesters are required to measure air and water temperatures prior to beginning harvest to
determine the tier of cooling required on the date of harvest. This approach was employed as it
provides greater flexibility to adjust to the spatially and temporally variable environmental
conditions common to the PNW (37).
Whereas a number of environmental variables beyond water temperature can influence
Vp. abundance in oysters (25, 27, 42), the vast majority of environmental thresholds in state
VCPs are based water temperature, as it can be easily measured and thus functionally
incorporated into a management scheme. To that end, we limited our analysis to water
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temperature and salinity as such data was readily available and are the environmental variables
most commonly reported to influence total and potentially pathogenic Vp. abundance in oysters
from Massachusetts waters (Chapter 2, Table 1).

Statewide
Water
Temperature
(oC)

23.8 (17.527.8)

ECCB
24.6 (23.527.4)

Katama
Bay
24.9 (19.127.8)

WCCB
19.9 (17.522.7)

30.3 (28.530.5 (29.129.8 (28.530.5 (28.831.8)
31.7)
31.4)
31.8)
Table 1. The range of environmental parameters reported on illness dates at the three
study sites individually and combined.
Salinity (PPT)

Across all cases, the observed water temperatures in implicated harvest areas ranged from
17.5 to 27.8°C (median, 23.8°C) and salinity ranged from 28.5 to 31.8 ppt (median, 30.3 ppt).
The narrow range of salinities present in harvest areas when illness were reported is
characteristic of the majority of Massachusetts harvest areas, where trends in salinity are
primarily influenced by tidal mixing and relatively stable (60). Due to this relatively narrow
range, it is likely that salinity is not a valuable parameter for use to initiate enhanced control
measures in Massachusetts. The wide range of water temperatures observed on implicated
harvest dates also suggests challenges for the use of water temperature as a trigger to initiate
elevated Vp. control measures on a statewide basis. While the 10°C range of water temperatures
on infection dates is likely due to regional differences in water temperatures in Massachusetts
driven by localized hydrographic conditions, and could potentially be accounted for through the
development of localized control strategies such as those employed in Washington State, the
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almost 9°C spread in water temperatures observed in Katama Bay on implicated harvest dates
suggests even a localized approach would be challenging to employ in some harvest areas.
We evaluated the distribution frequency of environmental conditions on illness dates to
identify if a narrower range of conditions was associated with the majority of cases. Table 2
describes the frequency distribution of environmental conditions on illness dates, statewide and
for individual harvest areas. Statewide, approximately 75% of cases occurred when water
temperatures exceeded 21°C and salinity was higher than 29 ppt.

Average Water
Temperature °C
27 To 28
26 To 27
25 To 26
24 To 25
23 To 24
21 To 22
20 To 21
19 To 20
17 To 18
Average of Salinity
PPT

Statewide

KB

WCCB

ECCB

9.10%
6.80%
13.64%
18.20%
13.60%
9.10%
4.50%
19.20%
2.30%

18.20%
36.40%
27.30%
18.20%
-

36.40%
18.20%
36.40%
9.10%

9.10%
18.20%
18.20%
45.50%
9.10%
-

Statewide

KB

WCCB

ECCB

31 To 32
13.6%
5.9%
18.8%
18.2%
30 To 31
25.0%
23.5%
31.3%
18.2%
29 To 30
40.9%
52.9%
37.5%
27.3%
28 To 29
15.9%
17.6%
12.5%
18.2%
27 To 28
2.3%
9.1%
26 To 27
2.3%
9.1%
Table 2. Frequency distribution of environmental conditions on illness dates

Establishing triggers for elevated controls when these thresholds are exceeded could help
to address the majority of the cases we evaluated, however, due to differences in the range of
conditions associated with cases between harvest areas, they would fail to capture over 60% of
cases attributed to WCCB and 20% of infections from ECCB. This analysis suggests that the use
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of environmental triggers associated with infection occurrence would need to be based on area
specific trends. However, it is important to note that the observed conditions on infection dates
are frequently present in the three study areas, and other Massachusetts harvest areas, without
corresponding reports of Vp. infections.
The observed interannual, seasonal, and short term variability in water temperatures in
relation to Vp. infections demonstrates how the use of upper environmental thresholds for the
initiation of elevated Vp. controls may fail to predict the periods of highest risk in some
Massachusetts harvest areas (Figures 5a-c). In particular, despite a reported positive relationship
between Vp. abundance and water temperature in all three harvest areas (Chapter 2), in many
instances case occurrence did not correspond with peak water temperatures. For example, during
an outbreak event in WCCB in 2015, six illnesses were linked to harvest dates spanning an 8 day
period when water temperatures fell from 76°F to 68°F. In addition, in all three areas, the
majority of cases (26/44, 59%) occurred in 2015, despite moderately significantly (P= 0.043)
warmer temperatures at all sites in 2016.
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Figure 5 (a-c) Average daily water temperatures for each study site by year with dots
representing illness dates.
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Risk Per Serving
As the analysis of the environmental conditions on illness dates presented mixed trends in
the association with case occurrence and environmental conditions commonly considered
conducive to elevated Vp. risk within and between individual Massachusetts harvest regions,
basing Vp. controls in the areas and during the periods the majority of infections have occurred
will likely continue to serve as the basis for the state’s approach to Vp. management. Based on
the numbers of cases linked to the individual harvest regions it could be assumed that there is an
approximately equal risk of Vp. infection in Katama Bay and WCCB, and that ECCB presents a
substantially lower risk. Thus targeting enhanced controls in WCCB and Katama Bay would be
appropriate. However, case numbers alone do not provide enough information to gauge how case
occurrence actually corresponds with risk. In order to accurately evaluate how trends in case
occurrence correspond with risk, case numbers must be evaluated in the context of oyster
production between harvest areas and years. The FDA developed a Vp. risk calculator that
allows managers to provide locally appropriate values related to production, serving size, and
end use (% raw v. cooked) to calculate a risk per serving (RPS) (1). While this provides a tool to
compare risk between areas with varying levels of production, there is little empirical data
available to inform appropriate values for serving size and end use between regions. We
employed a value for the average percentage of oysters harvested in Massachusetts that are
consumed raw provided in the 2017 Massachusetts Vp. Risk Assessment for Oysters of 95%
(31). This estimate is based on factors that indicate the dominance of oyster production directed
at the raw half shell market, including: cage culture as the dominant method for oyster culture in
Massachusetts, an average dockside price of oysters in the state between 2014-2016 of
$0.57/piece, and a lack of wholesale facilities certified to shuck oysters (31). To develop a
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regionally appropriate value for average serving size in Massachusetts we used information
collected from patients by DPH epidemiologists during the foodborne illness interviews; which
include a question on the actual or estimated quantity of oysters consumed. Though the accuracy
of these numbers likely varies from case to case, and in some cases was not provided, values
were available in 37 of the 44 cases and ranged from 1 to 24 oysters, with an average of 5.8
oysters per serving. This number is consistent with that reported by Walton et al. (2018) during a
best worst choice survey identifying consumer preferences in trends in raw oyster consumption
between the Northeast US and the Gulf of Mexico (88). When trends in illness occurrence are
put in the context of production, we observed significant differences in the RPS between areas
and years (Table 3). For example, while the number of cases associated with WCCB and KB
during the study period were similar, due to the substantially higher production in WCCB, the
risk in 2014 and 2015 was approximately 5 times higher in Katama Bay than in WCCB. This
analysis highlights how case numbers when used alone can provide a misleading view of risk but
also provides important context for further evaluation of factors that may lead to differential
spatial and temporal Vp. risk in Massachusetts harvest areas. This is the first published estimate
of Vp. RPS based on confirmed illness data and landings, and may serve as a model for other
SCA to consider in their Vp risk evaluations.
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4

198,276

Raw Servings
(95% of
production)
188,362

3,340,000

2

575,862

547,069

0.4

2014

6,280,000

3

1,082,759

1,028,620

0.3

Combined

2014

10,760,000

9

1,855,172

1,762,413

0.5

KB

2015

1,160,000

11

200,000

190,000

5.8

WCCB

2015

5,230,000

10

901,724

856,638

1.2

ECCB

2015

6,790,000

5

1,170,689

1,112,155

0.5

Combined

2015

13,160,000

26

2,268,965

2,155,517

1.2

KB

2016

1,300,000

2

224,137

212,931

0.9

WCCB

2016

4,810,000

4

829,310

787,845

0.5

ECCB

2016

7,830,000

3

1,350,000

1,282,500

0.3

Combined

2016

13,920,000

9

2,400,000

2,280,000

0.4

Region

Year

KB

2014

WCCB

2014

ECCB

~Production May
15-Oct 15
(pieces)
1,150,000

Cases

Total Servings (5.8
oysters/ serving)

Cases/
100,000
Servings
2.1

Table 3. Calculation of the risk per serving for individual study areas from 2014-2016.
KB= Katama Bay
Differential Risk Between Harvest Areas
Beyond water quality parameters, there are a number of factors that have been identified
as having the potential to influence Vp. risk, such as culture and harvest practices, harvest site
characteristics, observed Vp. levels, and pathogenic strain composition (1, 28). We evaluated
how these factors may have influenced trends in Vp. infection risk between our study areas. The
principal driver for estimated differential risk between culture and harvest practices is primarily
associated with expected differences in the duration of post-harvest handling required to sort,
count, bag, and tag oysters before they are placed under temperature control. For example, in
WCCB many oysters are bottom planted and harvested from the seafloor via a collection basket.
As this method generally precludes the sorting of oysters before harvest, and the basket does not
exclude detritus and other materials, this method may require more sorting, and cleaning before
the oysters can be placed under temperature control, than is required in areas where oysters are
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harvested directly from cages, like in Katama Bay and ECCB. However, because between 2014
and 2016 all harvesters in Massachusetts were required to meet the same time to temperature
requirements, regardless of harvest or culture method, we do not expect post-harvest handling
due to the observed variability in harvest methods to have resulted in a significant portion of the
observed variability in risk between sites. With that said, a number of recent studies have
suggested that oysters harvested from floating or raised containers may have lower Vp. levels
than oysters harvested directly off the bottom, likely due to decreased exposure to sediments and
particulates that can serve as a reservoir for Vp. bacteria and be taken up during normal filter
feeding activities (89). However, if this was a dominant factor influencing risk during our study
we would have expected to see a lower RPS in Katama Bay, where oysters are cage cultured,
than in WCCB where bottom harvest is the predominate harvest method.
Another factor that could drive variability in both baseline and intermittent risk between
harvest regions in Massachusetts is tidal dynamics. Oysters exposed to elevated ambient air
temperatures and radiant heating during low tide cycles are presumed to have a higher Vp.
infection risk than oysters harvested from subtidal areas as a result of the potential for Vp. to
accumulate in the oyster matrix during exposure (1). Due to the unique bathymetry in
Massachusetts coastal areas, the extent oysters may be exposed to air during low tides can vary
based on the location of the particular harvest site between the mean lower low water line and
mean high water line, as well as astronomical and meteorological factors observed during the
specific tidal period (60). South of Cape Cod Bay the tidal range is significantly smaller than that
observed in most Cape Cod Bay harvest areas (31). For example, the tidal range in Katama Bay
is less than 1 meter and all culture gear is located 1-1.5 meters below the mean lower low water
line, resulting in no tidal exposure of oysters. Due to the long sloping shelf in ECCB, most
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harvest sites are located well above the mean low water line, and oysters are routinely exposed at
low tide. Harvest sites in WCCB are generally located below the mean low water line. As a
result of the observed variability in tidal exposure between our study regions we would predict
the highest risk in ECCB. In contrast, we observed the highest risk associated with oysters
harvested from Katama Bay, and the lowest risk in ECCB. Further, as the increase in the RPS in
2015 was observed at all three study areas, regardless of tidal exposure, it is unlikely that tidal
exposure was the driver of this intermittent increase in risk.
In the majority of abundance based Vp. risk assessment methodology water temperature
is the most influential factor associated with Vp. risk. This is due to the correlation between
increasing temperatures and increasing Vp. growth (1). As a result, we would estimate the
highest risk in Katama Bay, followed by ECCB, and then WCCB. Our observations for Katama
Bay, which on average had the highest observed water temperatures and highest risk RPS during
the study period, were consistent with this assumption; however, observed average weekly water
temperatures in ECCB during the study period were not significantly different than those
observed in Katama Bay, but the observed risk in ECCB over the study period was on average 12
times lower than Katama Bay. Likewise, despite observed water temperatures in WCCB during
the high risk period on average ~5 °C lower than ECCB, we observed a consistently higher RPS
in WCCB than in ECCB; where we would expect to observe the lowest risk.
Vp. Levels in Proximity to Cases
As the majority of these factors are associated with Vp. risk due to their potential to
influence abundance of Vp. in oysters, analysis of surveillance data capturing Vp. levels in
oysters (1, 25, 27). In Chapter 2, we evaluated total and potentially pathogenic (tdh+ and trh+)
Vp. levels in harvest areas located within our three harvest regions. A number of our findings
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were consistent with our observations related to differential risk in the three harvest regions. For
example, the average risk per serving between 2014 and 2016 in our three study areas were 2.9
cases/100,000 oysters in Katama Bay, 0.7 cases/100,000 oysters in Western Cape Cod Bay,
where Duxbury Bay is located, and 0.37 cases/100,000 oysters in ECCB, where Wellfleet Harbor
is located. Similarly, the maximum recorded value for tdh+ Vp. in Katama Bay was 2.97
log10MPN/g, which is roughly an order of magnitude higher than the maximum recorded value
for tdh+ Vp. in Duxbury Bay of 1.63 log10MPN/g, and two orders of magnitude higher than the
maximum recorded value for tdh+ Vp. in Wellfleet Harbor of 0.57 log10MPN/g. In addition, we
also observed higher rates of detection and median levels of potentially pathogenic Vp., and
higher relative percentages of tdh+ and trh+ Vp. to total Vp., in Katama Bay and Duxbury Bay,
which are both located in areas where a higher infection risk was observed. This indicates there
may be connection between periods of elevated total and potentially pathogenic Vp. in harvest
areas and Vp. risk. While our sampling rarely overlapped exactly with case occurrence, we did
collect Vp. surveillance data within our study areas proximate to reported infections. Figures 6ab describe total and potentially pathogenic Vp. levels with trends in case occurrence for WCCB
and Katama Bay in 2015. We observed elevated Vp. levels during periods in proximity to
infection dates, however, we also observed cases in proximity to periods when total and
potentially pathogenic Vp. were at or just above the limit of detection (Figure 6(a-b)). As we
reported in Chapter 2, we also observed significant variability in Vp. levels from oyster samples
at relatively limited spatial and temporal extents, and significant variability in Vp. levels from
duplicate samples collected from the same harvest areas. Considering the observed variability in
Vp. abundance within harvest areas over very limited time frames, it is likely that that current
Vp. diagnostic methods and the frequency and scale of our surveillance efforts were not adequate
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to determine if Vp. abundance from samples collected in proximity to Vp. cases are
representative of Vp. abundance in the lots implicated in infections. It is also likely that adjusting
controls to match trends in Vp. levels within harvest areas would generally be incompatible with
the legal processes required to implement and enforce regulatory controls, and the practical
aspects of notifying harvesters and enforcement officers that new controls are in place.

WCCB

Figure 6(a-b). Total and potentially pathogenic Vp. levels with trends in case occurrence for
WCCB and Katama Bay in 2015
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Analysis of Clinical Isolates
One potential explanation for differences in risk between harvest areas is variability in
the composition of pathogenic strain between our study areas. Isolates associated with Vp. cases
attributed to Katama Bay were exclusively identified as ST36 with the exception of one isolate
identified as ST 199, a broadly distributed Atlantic strain. Clinical isolates attributed to WCCB
cases included ST36 (8/14) and ST631 (6/14). ST36 was associated in a half (4/8) of the illnesses
from ECCB harvest areas, with the remaining isolates available for typing attributed to various
endemic strain types with Atlantic lineages (4/8). Table 5 provides an overview of strain types
associated with sole source illness by location from 2014- 2016 from each site.

Area

ST36

ST631

ST199

ST670

ST1156

ST1728

Not
Available
for typing

Katama
16
1
Bay
WCCB
8
6
3
ECCB
4
1
1
1
1
2
Table 4. Sequence types of clinical isolates from study areas (2014-2016). Three
isolates from ECCB and 2 from WCCB were not available for typing.

Recent insights into pathogenic strain emergence in the Northeast suggest that differences
in bacterial populations between harvest areas may play a larger role in enhanced disease risk
than environmental conditions traditionally considered conducive for rapid Vp. growth (28,26).
This hypothesis does fit a number of observed trends associated with differences in infection risk
between areas. For example the observation of the highest RPS in Katama Bay, where almost all
infections were attributed to ST36, is not surprising given the highly virulent nature of ST36
variants (Means). The strains associated with the ST36 complex appear to have a significantly
smaller infectious dose than other pathogenic Vp strains and a wide thermal tolerance (18, 28,
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37). Due to the lack of endemic strains implicated in infections traced to Katama Bay, it appears
ST36 has dominated the pathogenic Vp. community, with the substantially higher risk per
serving in Katama Bay almost certainly the result of the increased virulence of this strain. While
ST36 was implicated in approximately half of the cases in WCCB and ECCB, endemic strains
appear to be more prevalent north of Cape Cod Bay. In ECCB, where we observed the greatest
diversity in the pathogenic strains associated with infections, we observed the lowest risk. This
suggests greater competition between ST36 and endemic strains, potentially resulting in a lower
abundance of this highly virulent pathogen as compared to endemic strains that have not been
previously implicated in outbreaks and only appear to result in sporadic infections. While strains
associated with infections in WCCB were a mix of ST36 and the endemic ST631, the ST631
strain has a genetically similar pathogenicity island as ST36, which may imply greater virulence
(29, 73). The higher infection risk in WCCB over ECCB, is likely due in part to the larger
proportion of the Vp. community in the area consisting of two strains with potentially enhanced
virulence. However, WCCB demonstrated substantially lower infection risk than Katama Bay,
suggesting that there may be differences in virulence between populations of ST36 that result in
different levels of infection risk. Thus, additional knowledge about the genetic differences
between the communities could be very informative for understanding differences in Vp.
infection risk.

CONCLUSIONS

In summary, the current study evaluated the relationship between Vp. infection risk and
various parameters in Massachusetts harvest areas. Our analysis identified clear seasonal and
spatial trends in Vp. illness occurrence that can provide useful information for refining risk
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management strategies in the State. For instance, the overall areas and timing where and when
cases were reported were widely distributed across the risk period, supporting the general timing
and extent of the current Massachusetts Vibrio control plan which is in effect statewide from
approximately May 15- October 15. However, 75% of cases attributed to two areas, and 42 of
the total 44 cases, occurred from July 1 and September 15, supporting enhanced controls in the
two regions where the majority of illnesses were reported (WCCB, Katama Bay), and for the
period of peak illness occurrence (July 1 and September 15).
This study reports the first accounting of relative infection risk based on state landings
data of oysters. RPS varied between seasons, years and distinct hydrographic areas in MA. This
was made possible by the availability of production data and detailed case investigation
reporting. In 2015 the ISSC mandated States provide production data by month for all shellfish
species, but was only able to require statewide values due to a lack of harvest areas specific
reporting requirements in many states. This study highlights the value that would come from
more refined reporting requirements, as well as a greater investment in case investigation.
Our study made clear the complexity of accounting for the effects of the introduction of a
highly virulent non-native pathogenic Vp. strain with standard abundance based risk assessment
methodology, and highlighted the value of the inclusion of clinical isolate analysis into risk
assessment models. The growing use of culture independent diagnostic methods to diagnose Vp.
infections may reduce the availability of clinical isolates for future efforts. Based on the value
the isolate data brought to this study we recommend that, to the extent possible, states continue
to require isolate submission and provide isolates for analysis.
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